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Abstract

Flax (Linum usitatissimum L.) is an important commercial crop that supplies both linseed and bast fibers for multiple applications.
Retting, which is a microbial process, separates industrially useful bast fibers from non-fiber stem tissues. While several methods (i.e.,
water- and dew-retting) are used to ret flax, more recently enzymes have been evaluated to replace methods used currently. Alkaline
pectate lyase (PL) from the commercial product BioPrep 3000 and ethylenediaminetetraacetic acid (EDTA) from Mayoquest 200
as a calcium chelator were used in various formulations to ret flax stems. Retted stems were then mechanically cleaned through the
USDA Flax Fiber Pilot Plant and passed through the Shirley Analyzer. The PL and chelator effectively retted flax from both fiber flax
and linseed stems, and the use of enzyme plus chelator retted flax stems better than either component alone. Fiber yield and strength
were greater than retting with a mixed-enzyme product that contained cellulases. Retting with PL and chelator was optimized based

on fine-fiber yield, remaining shive content, and fiber properties. PL at levels of about 2% of the commercial product for 1 h at
55 ◦C followed by treatment with 18 mM EDTA for 23–24 h at 55 ◦C provided the best fibers based on these criteria. Yield and fiber
properties determined by these tests were not improved with PL levels of 5% of the commercial product.
© 2006 Published by Elsevier B.V.
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1. Introduction

Flax (Linum usitatissimum L.) is the source of linen
and has provided high-quality fibers for textiles for
thousands of years (Sharma and Van Sumere, 1992a).

Specialty papers are often made with flax fibers as
they provide strength for thinner papers. Natural fibers
have been promoted for composites and other industrial
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uses, particularly automotive parts (Lepsch and Horal,
1998).

Flax fibers are formed in the cortical regions of stems
(Van Sumere, 1992). To extract fibers for industrial use,
stems are retted, which is usually a microbial process
that separates fiber from non-fiber stem tissues. For
high quality linen from western Europe that requires
a long fiber with special processing, water-retting was
the method of choice for many years. In the mid-1990s

water-retting was discontinued because of the extensive
stench and pollution arising from anaerobic bacterial fer-
mentation of the plant materials, high costs, and a putrid
odor of the resulting fibers (Sharma, 1987a; Van Sumere,
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992). Dew-retting is now the primary process used for
he industrial production of flax fibers (Van Sumere,
992) although water retting is still carried out in some
laces (Daenekindt, 2004). Despite the widespread use
f dew-retting to obtain commercial fibers from flax, dis-
dvantages also exist for this method that include: low
nd inconsistent quality, restriction to certain climatic
egions, occupation of land for several weeks during ret-
ing, and a product contaminated with soil. As a result
f these problems, a better flax retting method has been
ought for some time (Van Sumere, 1992; Sharma and
aughey, 1999).

In retting, microbial activity (e.g., anaerobic bacteria
n water-retting or aerobic fungi in dew-retting) causes

partial degradation of the components that bind tis-
ues together, thereby separating the cellulosic fibers
rom non-fiber tissues. Earlier work has clearly indicated
he requirement of pectinases in flax retting (Sharma,
987a; Van Sumere, 1992). Enzyme-retting has been
valuated as a replacement for current retting methods
Sharma and Van Sumere, 1992b; Van Sumere, 1992).
roducts with various enzymes, such as polygalactur-
nases, pectin lyase, hemicellulases, and cellulases have
een screened for retting (Sharma and Van Sumere,
992b). Flaxzyme, a mixed-enzyme commercial prod-
ct of Novo Nordisk from Aspergillus sp., was developed
arlier and was reported to produce fibers with good yield
nd quality (Van Sumere and Sharma, 1991). The yield
nd tactile qualities of enzyme-retted fibers were similar
o that from high-quality water-retted fibers. A disad-
antage, however, was the potential lower fiber strength
ue to the continued activity of the cellulases in the
ixtures. Treatment with an oxidizing agent, such as

odium hypochlorite, or reagents giving a high pH was
pplied to denature the enzymes and prevent the con-
inuing cellulolytic activity. Research on enzyme-retting
ed to a series of patents and to a semi-industrial scale
rial (Van Sumere, 1992), but no commercial system was
eveloped. Flaxzyme by this name is no longer available.

Recent research has explored the use of other
ectinase-containing products for retting bast fiber
lants, including flax (Brühlmann et al., 2000; Akin et
l., 2004; Antonov et al., 2005; Kozlowski et al., 2005).
n our work (Akin et al., 2004), the objective is the eco-
omic production of short staple fibers for blending with
otton or other fibers and for industrial applications such
s composites. The requirements to maintain long fiber
ength and other restrictions necessary for production of

raditional linen are unnecessary, and new methods can
e explored to produce a total fiber product from diverse
ources of flax. Results from several studies (Akin et al.,
004) have indicated that Viscozyme L with ethylene-
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diaminetetraacetic acid (EDTA) effectively retted flax.
This enzyme in combination with EDTA was used in a
spray enzyme-retting method (Akin et al., 2000) or by
brief (2 min) soaking until stems were saturated. Fibers
produced from various formulations and flax sources
were evaluated and ranked in test yarns (Akin et al.,
2001). Use of Viscozyme and EDTA became the basis
on which other products and protocols were compared
within our laboratory. Although washing the retted fibers
prevented continued and undesired enzyme activity, use
of high levels or long incubation times with Viscozyme
weakened the fibers (Akin et al., 2004). We, therefore,
investigated other strategies to maintain fiber strength
with enzyme-retting. In work recently carried out on
new commercial products for retting, alkaline pectate
lyase was shown to effectively ret flax and maintain fiber
strength (Akin et al., unpublished). The objective of the
present study is to optimize the formulation of pectate
lyase and chelator from commercial products for retting
a variety of fiber flax and linseed samples and to define
the characteristics of the processed fibers.

2. Materials and methods

2.1. Chemicals

Mayoquest 200, a commercial product with about
38% EDTA (Lynx Chemical Group, L.L.C., Dalton,
GA) was used a chelator at concentrations of 18 mM
EDTA unless otherwise indicated. Viscozyme L from
Novozymes North America, Inc. (Franklinton, NC) is a
multienzyme commercial product marketed for break-
ing apart of plant materials. This enzyme complex has
been used for retting flax, and its formulations were the
basis for comparing other methods (Akin et al., 2004).
BioPrep 3000L is a liquid commercial alkaline pectate
lyase (PL) produced by a genetically modified Bacillus
lichiniformis with a reported activity of 3000 alkaline
pectinase standard units (APSU)/g. BioPrep was devel-
oped by Novozymes North America, Inc. and is marketed
by Dexter Chemical LLC (Bronx, NY) under the trade-
name Dextrol Bioscour 3000.

2.2. Flax samples

Different varieties of flax plants grown primarily for
either fiber or for linseed was evaluated. ‘Ariane’ flax
that which produces a high quality fiber (Brown et al.,

1986) was grown as a winter crop in the coastal plains of
South Carolina, USA, in 1998–1999 and harvested after
full seed maturity. This cultivar was produced in a 3-
ha field experiment and was drum-mowed, dried, baled,
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and stored without further weathering. ‘Jordon’ flax was
grown at the Pee Dee Research and Education Center,
Florence, SC, in the winter of 1999–2000 and harvested
as described for Ariane, but before full seed maturity for
high quality fiber. ‘Omega’, ‘York’, and ‘Hermes’, which
are oilseed flax varieties, were grown in test plots to full
seed maturity in the summer of 2004 at the Carrington
Research Extension Center, North Dakota State Univer-
sity. The Omega and York samples received rain and
underwent considerable weathering after harvest. Her-
mes, however, did not receive rain and appeared bright
and unweathered before the tests.

2.3. Enzyme-retting and processing of stems

Flax stems were crimped through either fluted rollers
(Akin et al., 2000) or the nine-roller calender of the
USDA Flax Fiber Pilot Plant (Akin et al., 2005). For
retting, 150-g samples of crimped stems were briefly
soaked (2 min) in enzyme solutions, drained for 30 s,
and incubated in conditions optimal for enzyme activ-
ity. For Viscozyme and some tests with PL, the enzymes
and chelator were combined and used as one formula-
tion at pH and temperature optimal for the enzyme (i.e.,
pH 5 and 40 ◦C for Viscozyme and pH 9 and 55 ◦C for
PL). For the other PL tests, crimped stems were soaked
2 min in enzyme buffered with sodium borate (pH 8–9)
and incubated in plastic bags at about 55 ◦C. After incu-
bation for specified times, the flax stems were removed
from the incubator, again soaked (without washing) in
chelator solution for 2 min and drained as described. The
flax stems were then placed back in plastic bags in the
incubator at about 55 ◦C for selected incubation times.
After retting, the flax straw was washed for 2 min in run-
ning water and air dried. All treatments were carried out
in triplicate 150-g samples.

The enzyme-retted, washed, and dried stems were
processed through the USDA Flax Fiber Pilot Plant (Flax
PP) (Akin et al., 2005) in the following order: nine-
roller calender 1×, top shaker 1×, scutching wheel 1×,
five-roller calender 1×, top shaker 2×. After process-
ing through the Flax PP, fiber samples were evaluated
for shive content with a near infrared reflectance spec-
troscopy (NIR) (Sohn et al., 2004) using a recently
developed test method (ASTM D 7076-05, 2005). Sam-
ples were then conditioned at 21 ◦C and 65% relative
humidity and passed through the Shirley Analyzer (SDL
America, Charlottsville, NC, USA) to separate the fine

fiber (i.e., Shirley-cleaned fiber). In some studies, the
waste fiber plus shive that was not collected as fine fiber
after passing through the Shirley Analyzer was passed
through the system for several times, and the fine-fiber
Products 25 (2007) 136–146

yield was determined from the sum of these multiple
passes.

2.4. Fiber tests

Pilot plant-cleaned and Shirley-cleaned fiber both
were used to assess retting efficiency, based on the fiber
yield and % shive content as criteria. Shirley-cleaned
fibers were then subjected to a series of tests to deter-
mine the fiber properties. Shirley-cleaned fibers were
assessed for % shive content by the NIR method (ASTM
D 7076-05, 2005) with triplicate readings for each of
three replicated enzyme treatments. The strength in g/tex
and the % elongation for fiber bundles at 6.25 mm gauge
distance were determined for six trials for each repli-
cate with the Stelometer as in the cotton system (ASTM
D 1445-95, 2003). Fineness was determined using air-
flow (Akin et al., 1999) and a formula to give specific
surface index based on a series of graded fiber widths
(ASTM D 7025-04a, 2005) for 5-g duplicate samples for
each replicate. The tactile softness of a series of enzyme-
retted samples was ranked by two scientists experienced
in handling flax and cotton fibers from 1 (softest) to 10
(roughest).

Test yarns from the 1:1 blend proportions (initial pro-
portions) of cotton and enzyme-retted, Shirley-cleaned
flax fibers were prepared on a mini-spinning system and
tested using standard methods (Akin et al., 2001). Waste
at various processing stages was collected and weighed
to determine fiber losses.

2.5. Scanning electron microscopy

Intact flax stem segments about 2 mm long from the
central position of one stem were left unretted or enzyme-
retted in a similar manner to other samples with PL, PL
followed by chelator, or chelator alone. Stem segments
were fixed in 4% glutaraldehyde in 0.1 M cacodylate
buffer at 4 ◦C for 48 h. Samples were rinsed 3× with
buffer and air-dried. In other studies, fibers from 150-g
retting studies were used without fixation. Stem seg-
ments and fibers were mounted on carbon SEM stubs,
sputter-coated with gold, and viewed with a JEOL JSM
5800 scanning electron microscope at 15 kV.

3. Results

Earlier work had shown that PL produced fibers

with good properties and with a higher tenacity than
Viscozyme. Based on general recommendations for
bioscouring cotton with PL from BioPrep (personal
communication, S. Salmon, Novozymes North America,
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Table 1
Fiber yield and properties from flax enzyme-retted with pectase lyase and chelator

Enzyme formulationa Uptake
(ml)

Fiber yield (% straw)b Shive content in fiber (%)c Strength (g/tex) Fineness
(airflow)

Flax-PP Shirley cleaned Flax-PP Shirley cleaned

PL only 278 38.9 ± 0.9 a 6.0 ± 1.2 b 19.8 ± 1.7 a 4.1 ± 0.2 a 33.2 ± 2.4 bc 3.8 ± 0.1 b
PL; Cd 408 36.9 ± 2.3 ab 9.8 ± 1.0 a 18.9 ± 1.8 a 3.6 ± 0.6 a 35.7 ± 2.2 ab 2.7 ± 0 d
PL + Ce 291 36.7 ± 3.5 ab 7.7 ± 1.5 ab 18.0 ± 3.5 a 3.7 ± 1.0 a 34.9 ± 2.0 b 3.0 ± 0.6 d
PL + B + Clf 326 34.3 ± 1.8 bc 5.8 ± 1.3 b 14.5 ± 5.7 a 3.2 ± 1.1 a 34.8 ± 4.8 b 3.6 ± 0.5 bc
PL + B + Clg 340 34.0 ± 0.6 bc 5.8 ± 1.2 b 16.6 ± 2.0 a 4.1 ± 1.6 a 32.6 ± 1.3 bc 3.0 ± 0.3 cd
0.05% Viscozyme + C 305 30.7 ± 2.4 bc 3.4 ± 0.4 c 19.4 ± 3.0 a 4.6 ± 1.3 a 27.4 ± 6.0 c 3.9 ± 0.3 b
Untreated – 36.1 ± 4.5 ab 3.2 ± 1.5 c 19.6 ± 3.8 a 6.2 ± 1.0 a 42.0 ± 5.5 a 5.2 ± 0 a

Values followed by different letters (a–c) within columns and different tests differ at P ≤ 0.05.
a Enzymes and chemicals are used as provided by suppliers. PL: pectate lyase in 0.1% BioPrep. C: chelator as Mayoquest 200 added to provide

18 mM EDTA, based on a 38% EDTA solution. pH’s were adjusted to recommendation of suppliers. Flax was mature Ariane was grown in South
Carolina during the winter of 1998–1999 and crimped through fluted rollers.

b Yield from stems cleaned through the USDA Flax Fiber Pilot Plant (Flax-PP) and from fiber subsequently passed through the Shirley Analyzer.
c Determined by near infrared spectroscopy.
d PL;C indicates sequential of enzyme followed chelator.
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e PL + C indicates both components combined in one solution.
f PL + B + Cl-enzyme in 0.5 mM sodium borate, 1.83% Barapon an
g PL + B + Cl-enzyme in 25 mM sodium borate, 1.83% Barapon and

nc.), a series of evaluations was carried out to opti-
ize the use of PL for retting flax. Several formulations

sing PL in 0.1% (v/v) of the commercial product were
sed in our pilot plant procedure for enzyme-retting and
leaning fiber (Table 1). Results were compared with
iscozyme plus chelator and with no retting. The rec-
mmendation for bioscouring cotton was to treat with
L about 15 min prior to adding chelators (S. Salmon,
ersonal communication). In our evaluation (Table 1), a
equential treatment with PL followed by chelator tended
o give fibers with slightly higher yields and better prop-
rties than a combined formulation, but differences were
ot significant (P > 0.05). This trend suggests some deac-
ivation of PL with EDTA, as calcium is required by
ectate lyases (Sakai et al., 1993). The use of Mayoquest
00 to supply EDTA as chelator at 18 mM concentration,
hich had been determined from use with Viscozyme,

ppeared to work adequately with PL. Ariane fibers
rom Viscozyme-retting were lower in yield and strength
Table 1).

For confirmation of the efficacy of flax retting with
L and EDTA, a variety of flax samples from dif-
erent sources, including both fiber and linseed types,
as enzyme-retted. Results from treatment combina-

ions substantiated and expanded the approach presented
n Table 1, showing that PL followed by chelator effec-
ively retted flax from these various sources and gave

ubstantially higher fine-fiber yields and cleaner fibers
ompared with no retting (data not shown). Furthermore,
he improved yield and quality of fibers obtained with
L followed by chelator instead of Bioprep or May-
Clavodene.
Clavodene.

oquest alone or used in a combined formulation, were
confirmed.

Hermes and Omega grown to full seed maturity
were enzyme-retted using formulations with PL or Vis-
coszyme in side-by-side tests (Table 2). The Omega
sample had rain prior to baling, and substantial weather-
ing had occurred as indicated by darkening of the straw.
Hermes, in contrast, was light and showed no effects of
weathering prior to enzyme-retting. PL effectively retted
both cultivars and resulted in higher fiber yields and fiber
with greater tenacity, but Hermes was finer after retting
with Viscozyme plus chelator (Table 2).

Scanning electron microscopy showed the structure
of flax stems left unretted versus flax stems retted with
various components (Fig. 1a–d). The use of PL only for
24 h showed the initial separation of fibers with cuticle
still attached (Fig. 1b). The use of chelator was effec-
tive in removing the cuticle with or without enzyme
(Fig. 1c and d) that is likely caused by the removal of cal-
cium bridging of the non-methoxylated pectin molecules
reported to be high in this area (Akin et al., 2004).

By successful retting of flax from several sources
with PL followed by chelator, a series of tests was
then conducted to optimize the formulation, with fiber
yield and remaining shive content as the criteria. The
first test of this series was varying the incubation time
with chelator for two flax cultivars (Table 3). Fine-fiber

yield and cleanliness were better, or tended to be bet-
ter, in most cases with chelator incubation at 24 h than
at 1 or 4 h. Ariane was lower in shive content in all
comparisons but had been crimped with fluted rollers,
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Table 2
Fiber yield and properties of Hermes and Omega oilseed enzyme-retted with pectate lyase or Viscozyme and chelator

Cultivar Formulationa Fiber yield (% straw)b Strength (g/tex) Elongation (%) Fineness (airflow)

Flax-PP Shirley-cleaned

Hermes PL; C 36.2 ± 0.8 a 5.9 ± 0.3 bc 36.7 ± 0.9 a 1.9 ± 0.2 a 4.1 ± 0.2 a
Viscozyme + C 28.8 ± 1.7 b 5.0 ± 0.6 c 21.3 ± 1.8 c 1.4 ± 0.1 b 3.0 ± 0.1 b

Omega PL; C 35.5 ± 1.0 a 8.4 ± 0.3 a 30.5 ± 0.1 b 2.0 ± 0.1 a 1.1 ± 0.1 c
Viscozyme + C 33.7 ± 0.6 a 6.3 ± 0 b 20.7 ± 1.5 c 1.1 ± 0.1 c 1.2 ± 0 c

Values within columns with different letters (a–c) differ at P ≤ 0.05.
a Flax fibers were crimped through a nine-roller calender and 150 g of crimped fibers were enzyme-retted in duplicate samples for each variety

and each enzyme. Stems then were soaked 2 min in pectate lyase (PL) in 0.1% BioPrep in 0.5 mM sodium borate, pH 8.74 at 50 ◦C for 1 h. Then,
C) (Ma
e L plu

t (Flax-
without washing, PL-saturated flax was soaked for 2 min in chelator (
a total of 24 h. Viscozyme-retted fibers were soaked in 0.1% Viscozym

b Yield from stems cleaned through the USDA Flax Fiber Pilot Plan

which could have affected shive level. Furthermore, the
long storage time of Ariane, having been cut in 1999,

may have resulted in some decomposition of the plant
and contributed to a greater loosening of shive than the
recently harvested Hermes. Additional work is required
to determine precisely the influence of cultivar or pro-

Fig. 1. Scanning electron micrographs of cross sections of Hermes flax stems
inner lignified core cells that make up the shive (S), and fiber bundles betwe
24 h with PL in 0.5% of commercial enzyme, without chelator, showing disru
18 mM EDTA from commercial product showing loss of cuticle but intact fibe
for 1 h and 18 mM EDTA for 23 h showing loss of cuticle and disruption of fi
yoquest 200, 18 mM EDTA), pH 12.0, and incubated at 50–57 ◦C for
s chelator (C), pH 5.0, at 40 ◦C for 24 h.

PP) and from fiber subsequently passed through the Shirley Analyzer.

duction/harvesting conditions on shive content after
enzyme-retting.
Hermes was selected for other tests to optimize the
retting formulation. Tests for incubation times with PL,
level of PL (without chelator), and levels and incubation
times of chelator were evaluated (Table 4). Based on fine-

. (a) Unretted control showing cuticle (Cu) on the outside of the stem,
en the epidermis/cuticle layer and shive material (250×). (b) Retted
ption of fiber bundles and residual cuticle (200×). (c) Retted 24 h in
r bundles (300×). (d) Retted with PL in 0.5% of commercial enzyme

ber bundles (150×).
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Table 3
Influence of time of incubation on enzyme-retting with pectate lyase

Samplea Treatmentb (h) Fiber yield (% straw) Shive contentc (%)

Flax-PP Shirley-cleaned

Flax-PP (%) Crimped straw (%)

Ariane C 1 38.6 ± 2.0 a 6.7 ± 0.7 a 2.7 ± 0.2 a 7.7 ± 1.3 a
C 4 39.8 ± 3.3 a 8.0 ± 1.5 a 3.2 ± 0.7 a 3.7 ± 1.4 b
C 24 39.5 ± 1.9 a 13.8 ± 3.4 b 5.4 ± 1.1 b 1.8 ± 0.5 b

Hermes C 1 42.6 ± 3.5 a 11.5 ± 3.2 a 4.8 ± 0.9 a 8.3 ± 2.2 a
C 4 41.1 ± 4.9 a 20.7 ± 4.6 ab 8.4 ± 0.9 ab 6.3 ± 0.3 a
C 24 40.1 ± 0.9 a 30.2 ± 8.5 b 11.7 ± 3.0 b 5.1 ± 0.6 a

Values within columns within cultivars with different letters (a–c) differ at P ≤ 0.05.
h nine-r
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a Ariane crimped through fluted rollers and Hermes crimped throug
b Pectate lyase (PL) in 0.1% BioPrep for 1 h followed by chelator (C
c Determined by near infrared spectroscopy for Shirley-cleaned fibe

ber yield and % shive content, incubation with PL for
h followed by incubation with 18 mM EDTA for 24 h
as equal or better than other conditions. Retting effec-

iveness, however, improved with increased amounts of
L up to 0.5%, which was the highest level tested in this
xperiment and suggested further increases in enzyme
evel may improve retting. Furthermore, scanning elec-
ron microscopy of retted fibers indicated that PL levels
n 5% of the product appeared to remove more contam-
nants than 0.1% of product (Figs. 2 and 3).
To further optimize the formulation and method for
nzyme-retting, Hermes was retted with a range of PL
rom 0.1% to 5% of product, followed by chelator or
ombined with chelator in the formulation. The pilot

able 4
iber yield from tests with different amounts and times of pectate lyase and c

reatmenta Shirley-cleaned

Straw (%)

L in 0.1% BioPrep 1 h; C 23 h 13.2 ± 1.7 a
L in 0.1% BioPrep 3 h; C 21 h 10.1 ± 2.2 bc
L in 0.1% BioPrep 6 h; C 18 h 10.6 ± 0.9 ab

L in 0.1% BioPrep 24 h; No C 5.5 ± 0.4 ef
L in 0.2% BioPrep 24 h; No C 6.6 ± 0.8 def
L in 0.5% BioPrep 24 h; No C 8.6 ± 1.2 bcde

L in 0.1% BioPrep 1 h; C 8 h 5.2 ± 1.2 f
L in 0.1% BioPrep 1 h; C 24 h 8.1 ± 1.3 bcde

L in 0.1% BioPrep 1 h; 4 mM EDTA 24 h 7.4 ± 3.1 cdef
L in 0.1% BioPrep 1 h; 9 mM EDTA 24 h 7.1 ± 2.7 cdef
L in 0.1% BioPrep 1 h; 18 mM EDTA 24 h 9.1 ± 1.7 bcd

alues within columns within with different letters (a–e) differ at P ≤ 0.05.
a Pectate lyase (PL) in BioPrep followed by chelator (C) of 18 mM EDTA u

alender.
b Shirley-cleaned fiber as percent of crimped straw and from fiber passed th
c Determined by near infrared spectroscopy.
oller calender.
oquest 200 to give 18 mM EDTA) for times listed.

plant cleaned- and Shirley-cleaned fibers are listed in
Table 5. The yield of material (i.e., fiber and remaining
shive) arising from pilot plant cleaning generally was
less with higher enzyme levels and also with enzyme
followed by chelator. The pilot plant-cleaned fiber has
substantially more shive than the Shirley-cleaned fiber
(Table 1). The higher levels of “fiber” with the lower
enzyme levels, therefore, arise from fiber plus shive in
varying amounts. The PL at 0.5–5.0% of the commercial
product followed by chelator resulted in fiber contents

ranging from 30.4% to 34.4%. For the Shirley-cleaned
fine fiber, PL at 1.0–5.0% of product followed by chela-
tor produced the highest fiber yields and the lowest shive
contents of 1.5–2.3%. The PL at 5% of the commercial

helator

fiber inb Shive contentc (%)

Flax-PP (%)

28.0 ± 2.0 a 7.8 ± 2.0 a
22.1 ± 5.8 ab 5.2 ± 1.0 a
23.2 ± 1.9 ab 6.7 ± 2.3 a

11.2 ± 0.3 e 11.4 ± 2.6 a
13.5 ± 1.5 de 9.2 ± 2.0 a
18.4 ± 2.6 bcd 6.9 ± 1.6 a

11.9 ± 2.7 e 5.7 ± 1.2 a
f 19.8 ± 4.2 bc 4.3 ± 1.1 a

16.0 ± 5.2 cde 7.5 ± 1.4 a
16.1 ± 5.0 cde 4.2 ± 2.3 a
21.8 ± 2.8 abc 4.2 ± 0.6 a

nless otherwise indicated. Flax is Hermes crimped through nine-roller

rough the USDA Flax Fiber Pilot Plant (Flax-PP).
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by 18 m
are com
Fig. 2. Retted 24 h with PL in 0.1% of commercial enzyme followed
sizes (50×). (b) Enlarged view showing fiber bundles, some of which
(300×).

product did not produce higher yields or cleaner fibers
than 1–2%. Shirley-cleaned fibers do not represent all
the fibers that could be extracted in commercial, cot-
tonizing systems. Therefore, fiber yields from a single
pass through the Shirley Analyzer were used only to
rank enzyme formulations.

The relative chemical costs to compare formulations,
which were derived from fine-fiber yield and amounts
of PL and chelator absorbed, are presented in Table 5.
These data reflect no adjustments for fiber cleanliness,
which was less with lower PL levels. Within this test,
costs increased with increasing amounts of PL in the
formulation, with lower costs for PL followed by chela-
tor within an enzyme level. While these data provide a
simple rating based on laboratory studies, more aggres-
sive cleaning to generate greater fiber yields and reduced
chemical costs due to bulk purchasing will give a more

accurate accounting of costs.

Shirley-cleaning is used to estimate fine-fiber yield. In
one test, waste fibers (coarser fibers and shive) were fur-
ther cleaned by passing material two more times through

Fig. 3. Retted 24 h with PL in 5.0% of the commercial product followed by 18
of bundles to smaller units and fibers (50×). (b) Enlarged view showing fib
(200×).
M EDTA. (a) Lower magnification showing fiber bundles of various
prised of several fibers, with cuticle material (Cu) attached to fibers

the Shirley Analyzer. The additional fiber yields were
2.8–3.9 percentage units greater, with higher yields for
chelator following PL treatment compared to chelator
combined with PL. The greatest increases of 3.9 percent-
age units occurred with 5% of the commercial product.
The 2.0% product level followed by chelator was fur-
ther assessed for fine-fiber yield by subsequently passing
waste material 11 consecutive times through the Shirley
Analyzer. An additional 3.4 percentage units of fiber was
obtained by the additional eight passes, giving a total
yield of 17.1% Shirley-cleaned fiber from crimped flax
stems.

The fibers properties were determined for fibers pro-
duced from retting formulations of 0.1–5.0% of the PL
product followed with chelator or with enzyme/chelator
combined (Table 6). Fiber strength, determined at
6.25 mm gauge distance, did not differ (P > 0.05) with

any of the enzyme levels even at 5%. These averaged
about 33 + 2 g/tex for all formulations. Elongation was
low for all enzyme levels and not different (P > 0.05).
Fiber fineness based on airflow differed (P ≤ 0.05) with

mM EDTA. (a) Lower magnification showing considerable separation
ers and bundles with a clean surface and little non-fibrous material
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Table 5
Yield, cleanliness, and chemical cost of flax fiber retted with various pectase lyase/chelator formulations

Enzyme formulationa Flax-PP fiber Shirley-cleaned fiber

Yield (%) Relative cost Yield Shive contentb (%) Relative costc

Flax-PP (%) Crimped straw (%)

0.1%; C 40.9 ± 4.4 bc 1.0 23.9 ± 6.4 cde 10.0 ± 2.9 bcd 5.1 ± 1.9 bc 1.0
0.1% + C 39.9 ± 1.1 bcd 1.3 15.8 ± 0.6 ef 6.3 ± 0.2 ef 4.6 ± 0.9 bc 2.0
0.1% (no C) 49.4 ± 4.1 a 0.4 11.2 ± 0.3 f 5.6 ± 0.4 f 11.4 ± 2.6 a 0.9
0.5%; C 35.1 ± 1.5 efg 2.8 30.7 ± 7.5 bc 10.7 ± 2.5 bcd 2.0 ± 1.1 def 2.1
0.5% + C 36.2 ± 2.6 def 3.5 25.3 ± 5.8 cd 9.3 ± 2.7 bcdef 3.9 ± 1.9 bcd 3.3
0.5% (no C) 42.4 ± 5.2 b 1.9 20.2 ± 2.6 def 8.5 ± 1.0 cdef 5.7 ± 1.7 b 2.1
1.0%; C 34.4 ± 3.0 efg 4.9 34.2 ± 4.7 ab 11.8 ± 2.2 abc 1.7 ± 0.9 ef 3.3
1.0% + C 35.8 ± 3.2 ef 6.0 25.2 ± 2.5 cd 9.0 ± 1.3 bcdef 3.6 ± 1.4 bcdef 5.5
1.0% (no C) 36.7 ± 0.7 cde 4.1 25.9 ± 0.5 cd 9.5 ± 0.3 bcde 3.7 ± 1.5 bcde 3.6
1.5%; C 33.6 ± 2.1 efg 7.1 34.7 ± 5.0 ab 11.8 ± 2.1 abc 1.5 ± 0.2 f 4.7
1.5% + C 32.4 ± 1.2 efg 9.4 25.1 ± 0.9 cd 8.1 ± 0.1 def 3.0 ± 1.1 cdef 8.5
1.5% (no C) ND ND ND ND ND ND
2.0%; C 30.4 ± 2.3 g 10.1 33.2 ± 4.2 ab 10.2 ± 2.0 bcd 2.3 ± 1.2 def 7.1
2.0% + C 31.7 ± 2.3 fg 12.4 23.2 ± 2.1 cde 7.4 ± 1.1 def 2.9 ± 1.3 cdef 12.3
2.0% (no C) ND ND ND ND ND ND
5.0%; Cd 33.2 ± 1.6 efg 22.4 35.3 ± 6.9 ab 11.7 ± 2.9 abc 1.6 ± 0.5 ef 14.9
5.0% + Cd 35.8 ± 0.5 ef 26.3 36.8 ± 14.6 a 13.2 ± 5.2 a 2.0 ± 0.4 def 18.9
5.0% (no C) 34.7 ± 2.2 efg 20.6 36.5 ± 5.2 ab 12.7 ± 2.4 ab 2.3 ± 0.8 def 13.1

Values within columns with different letters (a–g) differ at P ≤ 0.05.
a Hermes flax was dried at 55 ◦C before crimping through the nine-roller calender. %; C = pectate lyase (PL) in BioPrep followed by 1.83%

Mayoquest 200 as chelator (C). % + C = PL in BioPrep and C combined in one formulation. Triplicate samples of 150 g were tested.
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b Determined by near infrared spectroscopy.
c Combined costs of PL and C based on amount of chemicals abs

uppliers.
d Mayoquest used at 3.0% (30 mM EDTA) as chelator (C).
nzyme treatments, with finer fibers produced with PL
roduct levels of 1.5–5.0%. Tactile softness of fibers,
hich was subjectively assessed by two scientists with
ber experience, was better from retting with 1.0% and

able 6
roperties of Hermes flax fiber enzyme-retted with in various levels of pectat

nzyme formulationa Strength (g/tex) Elongation

.1%; C 34.7 ± 2.1 a 1.5 ± 0.2

.1% + C 31.8 ± 1.5 a 1.4 ± 0.3

.5%; C 36.1 ± 3.6 a 1.6 ± 0.2

.5% + C 33.3 ± 1.4 a 1.4 ± 0.2
%; Ct 32.1 ± 0.7 a 1.6 ± 0.1
% + C 30.6 ± 1.1 a 1.7 ± 0.2
.5%; Ct 29.8 ± 6.8 a 1.5 ± 0.2
.5% + C 33.2 ± 0.6 a 1.4 ± 0.3
.0%; C 32.6 ± 0.9 a 1.6 ± 0.3
% + C 31.6 ± 0.6 a 1.5 ± 0.1
%; C 32.6 ± 1.3 a 1.5 ± 0.3
% + C 33.9 ± 0.8 a 1.4 ± 0.1
% (no C) 29.8 ± 3.6 a 1.2 ± 0.2

alues within columns with different letters (a–d) differ at P ≤ 0.05.
a Hermes was grown to full seed maturity at Carrington, ND, in 2004, and u
ine-roller calender of the USDA Flax Fiber Pilot Plant. %; C = Pectate lyase (
+ C = PL in % BioPrep and C combined in one formulation. Triplicate sam

b Subjective ranking from 1 (softest) to 10 (roughest) by two experienced re
nto fibers, Shirley-cleaned yield after 1 pass, and costs provided by
2.0% PL of product than with lower enzyme levels (5%
PL not rated).

Flax fibers from PL-retting studies, ranging from
0.1% to 5% of the commercial product followed by

e lyase

(%) Fineness (airflow) Softness (rank)b

a 4.5 ± 0.1 ab 9
a 4.5 ± 0.1 ab 10
a 4.5 ± 0.1 ab 8
a 4.5 ± 0.1 a 7
a 4.3 ± 0.1 c 2
a 4.4 ± 0.1 abc 3
a 4.1 ± 0.1 d 5
a 4.4 ± 0.1 abc 6
a 4.1 ± 0.1 d 1
a 4.4 ± 0.1 bc 4
a 4.2 ± 0.1 de ND
a 4.1 ± 0.1 d ND
a 4.2 ± 0.1 de ND

sed for all tests. Flax was dried at 55 ◦C before crimping through the
PL) in % BioPrep followed by 1.83% Mayoquest 200 as chelator (C).
ples of 150 g were tested.
searchers in handling flax and cotton fibers.



ops and
144 D.E. Akin et al. / Industrial Cr

18 mM EDTA, were blended with cotton at initial ratios
of 1:1. Test yarns were made in a pilot plant ring-spinning
system. Loss of fibers after cleaning through the Shirley
Analyzer was lowest for the 1%, 2%, and 5% enzyme
product (about 16.4% compared with over 20% for other
levels). Card losses were less for enzyme-retting levels
of 2% and 5% (losses of 6.3% and 6.8%, respectively)
enzyme product. Other yarn parameters, such as tenacity
and work to rupture, were not linear based on enzyme
levels used in retting, possibly reflecting uneven losses
of flax in blended yarns. Lower card losses with enzymes
levels at 2% and 5% are in line with other data, indicat-
ing that these enzyme levels appear to be near optimal
for retting under these conditions of testing.

4. Discussion

Viscozyme and other mixed-component pectinase
products, whose sources are plant wall-degrading fungi
and bacteria, contain cellulases among the other enzymes
(Sharma and Van Sumere, 1992a,b). Cellulases prefer-
entially attack fibernodes or kink bands and weaken flax
fibers (Akin et al., 2004). Alkaline PL from BioPrep
3000 arises from multiple copies of the native gene for
the enzyme inserted into the original B. lichiniformis
bacterium, thereby providing a high level of pectinase
without cellulases. This enzyme, marketed under the
trade name BioPrep 3000, was the first commercially
available PL and was isolated and produced for its unique
ability to degrade the pectin layer between the waxy
cuticle and cellulosic fiber of cotton. BioPrep 3000 has
performed well as a replacement for alkaline cotton
scouring (Durden et al., 2001; Etters et al., 2001).

Pectins serve as complex molecules that bind plant
tissues together in both cotton and flax. Pectic sub-
stances, determined by response to chemical extractives,
are reported to range from 0.7% to 1.2% of cotton
fiber dry weight (Wakelyn et al., 1998). Specific deter-
mination of pectins in flax is difficult due to several
factors including complexity of pectin structure, vari-
ations among cultivars, positions on the stem, and fiber
quality. Ansari et al. (1990) listed pectin contents in
decorticated flax as 20.5%. The content of pectic sub-
stances ranges from 26% to 34% of cell walls for various
flax cultivars (Brown et al., 1986). Based on hydrolysis
with dilute hydrochloric acid followed by ammonium
citrate, Bochek et al. (2002) reported a pectin con-
tent of flax fibers as 1.6%. It is clear that the amount

of non-cellulosic carbohydrates, including pectins, in
the bast regions of flax is considerably higher than
these constituents in cotton fibers. In flax, pectins bind
fibers together in bundles and also bind non-fiber tis-
Products 25 (2007) 136–146

sues (cuticularized epidermis and woody, core cells) to
fiber bundles (Akin et al., 2004; Van Sumere, 1992).
Therefore, the level of PL required to ret flax would be
expected to be greater than for scouring cotton. Using
calculations derived during this study, the level of PL
activity for 2% BioPrep can be determined as follows:
with approximately 300 ml of liquids of a 2% enzyme
solution absorbed onto 150 g straw, 6 ml of enzyme solu-
tion would be used. Assuming 1 ml of product weighs
about 1 g and Bioprep activity is 3000 APSU units/g,
then each gram of crimped flax straw would require about
120 U of activity.

Pectinolytic hydrolyases (e.g., polygalacturonases,
and pectate lyases) both attack pectins and separate fibers
from other tissues in the flax stems. Earlier work in
our laboratory had shown that polygalacturonase alone
was sufficient to ret flax fibers, without any added ben-
efit from cellulases, hemicellulases, or other plant cell
wall-degrading enzymes (Akin et al., 2004; Evans et al.,
2002). Data in the present study further show that alka-
line pectate lyase also can separate fibers without other
enzymes.

The role of Ca2+ chelators, such as EDTA, for
improved retting is well known (Sharma, 1987b, 1988;
Van Sumere, 1992). Henriksson et al. (1997) showed that
the addition of oxalic acid and EDTA with Flaxzyme and
other enzyme mixtures facilitated their retting activity.
Calcium concentrations in flax tissues, as determined by
inductive coupling plasma emission spectroscopy, was
more than 5.5-fold higher in the cuticularized epider-
mis than the bast fibers manually separated from similar
bast tissues (Akin et al., 2004). Ca2+ chelators likely
are effective in retting flax by destabilizing the bridges
between Ca2+ and polygalacturonic acid, thus leading to
disruption and removal of calcium-rich epidermal lay-
ers (Sakai et al., 1993; Rihouey et al., 1995; Jauneau et
al., 1997). Adamsen et al. (2002) showed that EDTA has
substantial Ca2+ binding activity even at pH 5, which
explains the positive value of EDTA at low pHs opti-
mal for some enzymes such as Viscozyme. The binding
capacity of EDTA for Ca2+ is, however, considerably
greater at alkaline pH (Adamsen et al., 2002), and the
use of EDTA at a higher pH should be more efficient
in retting. One concern for the strategy of using EDTA
with PL is that this enzyme requires Ca2+ for activity
(Sakai et al., 1993). The suggested method for cotton
scouring is to apply the enzyme and later apply the chela-
tor (S. Salmon, Novozymes, personal communication).

We confirmed that sequential treatment with enzyme fol-
lowed by chelator was more effective for retting flax than
enzyme alone or enzyme plus chelator in a combined
solution.
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Fiber strength was maintained at all levels with PL
nd was significantly greater than for fibers retted with
iscozyme. Therefore, a major objective of enzyme-

etting with increased fiber strength was reached with
L followed by EDTA.

The NIR method for shive content is new (ASTM D
076-05, 2005; Sohn et al., 2004), and in some samples
f linseed straw the shive content was over-predicted
ompared with manual separation of fiber and shive.
ome modification and expansion of the NIR model is
eeded for a more precise prediction of shives from par-
icular flax samples, but values as used herein allowed
omparisons of enzyme treatments. This method is the
rst known to the authors for objectively measuring shive
ontent in flax and was recently approved as an ASTM
nternational test method (ASTM 7076-05). Compo-
ents may still be present on the fiber surface that impede
r interfere with fiber applications (e.g., composites,
lending, etc.). Additional work is required to address
hese questions.

. Conclusions

In a series of tests ranging up to 5% of the commercial
L product BioPrep with 18 mM EDTA, levels around
% were determined as optimal with the flax samples
sed and conditions tested. Fiber yield, fineness, and
leanliness were not improved with higher PL levels.
equential treatment of PL followed by EDTA was the
ost effective for retting, but combining both enzyme

nd EDTA also retted flax. The procedure most effective
or producing fine, clean fiber was as follows: (a) satu-
ate crimped flax stems with PL at 2% of the commercial
roduct, (b) incubate for 1 h at 55 ◦C, (c) without wash-
ng, re-soak with 18 mM EDTA at pH 12, (d) continue
ncubation at 55 ◦C for about 24 h total time, and (e) wash
nd dry fiber in preparation for mechanical cleaning.

Both Viscozyme and BioPrep can ret flax, provid-
ng fibers with different characteristics. Fiber strength
s higher with BioPrep. The attack on fibernodes by
ellulases, however, in Viscozyme and other commer-
ial mixtures may be advantageous for easier refining
uch as pulping. The use of various enzymes for ret-
ing, therefore, provides selective properties for different
pplications.
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